Background Long-term evaluation of knee arthroplasty should provide relevant information concerning the durability and performance of the implant and the procedure. Because most arthroplasties are performed in older patients, most long-term followup studies have been performed in elderly cohorts and have had low patient survivorship to final followup; the degree to which attrition from patient deaths over time in these studies might influence their results has been poorly characterized. Questions/purposes The purpose of this study was to examine the results at 20-year followup of two prospectively followed knee arthroplasty cohorts to determine the following: (1) Are there relevant differences among the two implant cohorts in terms of revision for aseptic causes (osteolysis, or loosening)? (2) How does patient death over the long followup interval influence the comparison, and do the comparisons remain valid despite the high attrition rates? Methods Two knee arthroplasty cohorts from a single orthopaedic practice were evaluated: a modular tibial tray (101 knees) and a rotating platform (119 knees) design. All patients were followed for a minimum of 20 years or until death (mean, 14.1 years; SD 5.0 years). Average age at surgery for both cohorts was [ 70 years. The indications for the two cohorts were identical (functionally limiting knee pain) and was surgeon-specific (each surgeon performed all surgeries in that cohort). Revision rates through a competing risks analysis for implants and survivorship curves for patients were evaluated. Results Both of these elderly cohorts showed excellent implant survivorship at 20 years followup with only small differences in revision rates (6% revision versus 0% revision for the modular tibial tray and rotating platform, respectively). However, attrition from patient deaths was
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Introduction
Although Level I evidence is considered important for guiding clinical decision-making, this is impractical when it comes to evaluating the long-term durability and function of knee arthroplasty implants. To date, performing longterm longitudinal studies of specific devices has provided the best available evidence regarding the implant design characteristics most likely to provide lasting durability and satisfactory patient function.
However, because most arthroplasties are performed in older patients, most long-term followup studies have been performed in elderly cohorts and have had low patient survivorship to final followup. The majority of prior studies, including our own [1-4, 8, 14, 15] , have used a Kaplan-Meier (KM) survivorship analysis to report revision rates [12] . A KM analysis reports the time to the event of interest, in this case revision of the implant, and assumes that the event happens independently from other potential competing events. However, death is a competing risk against revision in a long-term followup study. If a patient dies, they cannot possibly be revised. In a KM analysis, patients with a competing event are censured from the final result, introducing significant bias. This type of bias is particularly evident in elderly cohorts, which have high attrition from patient deaths, and prior authors have noted that this not only greatly diminishes the statistical power of the conclusions, but also tends to overestimate revision rates [7, 11] .
As a result, recent authors have advocated for the use of a cumulative incidence of competing risk analysis (CI), in which patients with a death are not censored from the results [7] . Compared with a KM analysis, which answers the question, ''What is the risk of the event if no one ever dies?,'' the CI analysis more directly answers the question, ''What is the risk of the event?'' [11] .
In light of these potential biases, the purpose of the current study was to shed light on what can and cannot be learned from currently available long-term followup studies of knee arthroplasty designs. First, we provide an example of a CI analysis with minimum 20-year followup comparing two implant cohorts in terms of revision for aseptic causes (osteolysis, or loosening) to determine if relevant comparisons can be made across elderly cohorts of patients undergoing knee arthroplasty. Second, we more specifically investigate patient survivorship over the 20year followup and attempt to determine how patient deaths influence the comparison of these cohorts. Data from the second aim may be useful in guiding the design of future prospective long-term followup studies.
Materials and Methods
This study received an exception from the institutional review board and was HIPAA-compliant. The methodology for each prior cohort's review has previously been published [1, 4] . In brief, two prospective series of knee arthroplasty cohorts were performed in a single orthopaedic practice: a modular tibial tray (101 knees) and a rotating platform (119 knees). Demographics of the cohorts were similar ( Table 1 ). All patients were followed longitudinally for over 20 years or until death. Followup evaluations were performed by a single surgeon (DDG) not involved in the initial surgical care of the patients. Radiographs were evaluated by two independent observers (GF, DH, MI, AM, MS) with agreement by consensus at each followup interval. One observer (JJC) reviewed all radiographs at each followup interval of both cohorts using the Knee Society radiographic assessment [6] . The first cohort, consisting of 101 knees in 75 patients operated on between 1988 and 1991, received a modular posterior cruciate-retaining Press-Fit Condylar (PFC) prosthesis (Johnson and Johnson Professional, Inc, Raynham, MA, USA) [1] . The mean age at the time of surgery was 71 years (range, 52-89 years). Diagnosis was primary osteoarthritis in 86 (85%) knees (Table 1) . No patients were lost to followup at 20 years.
The second cohort, consisting of 119 knees in 86 patients operated on between 1985 and 1988, received the cemented Low Contact Stress (LCS) rotating platform tibial and femoral implants mated with a cemented Townley all-polyethylene dome patellar component (DePuy, Warsaw, IN, USA) [4] . The mean age at the time of the original surgery was 70 years (range, 37-81 years). Diagnosis was osteoarthritis in 105 (88%) knees ( Table 1) . One patient (one knee) was lost to followup at 20 years.
The indications for surgery using the two implants studied (LCS and PFC) were identical (functionally limiting knee pain). They were performed in the same practice in close to a sequential time interval (1985-1988 and 1988-1991, respectively) .
For statistical analysis, we compared implant survivorship across cohorts according to CI methods [7, 11] . Because a patient death precludes revision surgery, patient death and implant revision are competing risks in long-term followup studies. Thus, a competing risk analysis allows for an assessment of implant revision rates while taking into account the competing risk of patient death during the study period. The primary endpoint was revision for aseptic implant failure and radiographic loosening. In contrast to implant survivorship, patient survivorship is a binary outcome for which there is no competing risk. Thus, to determine the relationship of patient age at the time of surgery to likelihood of patient survivorship to final followup, we performed survivorship analysis of the patients themselves out to minimum 20-year followup using KM methods [12] . Curves were truncated at 20 years in each analysis for similar comparison across cohorts. Statistical analysis was performed using SPSS 13.0 software (SPSS Inc, Chicago, IL, USA). Cumulative risk analysis requires at least one event in each compared cohort to calculate a p value.
Results

Relevance of Revision
Overall durability was excellent in both cohorts with only six knees (6%) and zero knees (0%) revised for loosening in the PFC and LCS cohorts, respectively ( Table 2 ; Fig. 1 ). Because there were no revisions in the elderly cohort of LCS knees, we cannot estimate CIs or provide a p value for the comparison between the two cohorts. To determine if patient age played a role in the incidence of revision, we substratified the PFC group according to patient age. After stratifying, the incidence of revision was much higher in patients aged \ 65 years (15%; 95% CI, 5%-32%) as compared with patients [ 65 years (3%; 95% CI, 0.5%-8%) (p = 0.0188) ( Fig. 2A) . Again, a similar comparison could not be made for the LCS cohort because the overall incidence of revision was 0% (Fig. 2B ). Most of the patients in both cohorts had died over the 20year span of this study. Average patient age at surgery was relatively old (average, 70 years) and combined 20-year patient survival across the two cohorts was only 26%. However, survivorship was much higher in the younger patients. Twenty-year patient survivorship for patients [ 65 years of age was 16% (95% CI, 10%-22%) and for patients \ 65 years of age was 53% (95% CI, 40%-65%) (p \ 0.0001) ( Fig. 3 ). For the PFC knee cohort, overall patient survivorship at minimum 20-year followup was 25% (76 deaths) for all patients. However, for patients \ 65 years of age, survivorship was 54% (95% CI, 35%-73%) (12 deaths), and for patients [ 65 years of age, survivorship was 15% (95% CI, 8%-24%) (64 deaths) (p \ 0.0001) (Fig. 4A) .
For the LCS knee cohort, patient survivorship at minimum 20-year followup was 26% (87 deaths) for all patients. However, for patients \ 65 years of age, survivorship was 52% (95% CI, 35%-68%) (16 deaths), and for patients [ 65 years, the survivorship was 16% (95% CI, 9%-25%) (71 deaths) (p \ 0.001) (Fig. 4B) .
Discussion
Long-term followup studies of implant designs for knee arthroplasty represent the best available evidence for investigating implant durability and patient postsurgical outcomes. Multiple studies have reported excellent midterm survivorship of implants in patients [ 65 years of age [1, 4, 9, 10, 13, [16] [17] [18] [19] [20] . However, there are few reports of cohorts studied for a minimum of 20 years or until patient death, and the available studies have been criticized for having high rates of patient attrition from patient deaths. The present authors have performed a number of these long-term followup studies and hoped to provide some insight into the benefit of continuing to devote resources into this time-consuming endeavor. With this background, the authors evaluated two cohorts of patients undergoing knee arthroplasty, which were each longitudinally followed for a minimum of 20 years to answer the following questions: (1) Given the bias present in a study with high patient attrition, can relevant comparisons of implant durability be made across the two cohorts? (2) How does patient age affect the rates of attrition over the long followup interval? Overall, we found that both implant types were durable in the elderly cohorts studied, but that the analysis was limited by high rates of patient attrition, and no firm statistical comparisons could be made across the two cohorts. Revision rates were higher in the younger cohort of PFC knees, and patient survivorship was much higher for patients \ 65 years in both cohorts. Thus, the enrollment of younger patients would likely have allowed for a more reliable comparison, and the data presented here may provide some insight into how to design future long-term followup studies.
Our study has several limitations. First, our study is a nonrandomized, retrospective review of prospectively collected data. This study design introduces the possibility of selection bias, because the patients were not randomized across implant designs. Furthermore, there is the possibility of assessor bias because the assessors were not blinded to the implant type. However, all patients were evaluated both clinically (DDG) and radiographically (JJC) by surgeons who were not involved in the initial care of the patients including the surgical procedure, which we feel helps to minimize this risk. Second, it is possible that we were underpowered to detect differences in patient or implant survivorship, introducing the possibility of a Type II error. Third, the patients operated on 20 to 30 years ago probably are of different demographics and may have different life expectancy than those being operated on today. Finally, revision is not an ideal measure of implant performance, because patients may be dissatisfied or have a poor functional outcome without requesting or undergoing revision surgery.
In answering our first question of durability, in this older cohort of patients, overall implant survivorship was excellent across both implant types with regard to revision for aseptic causes with only 6% and 0% of the PFC and LCS cohorts undergoing revision, respectively. We used a CI analysis, in which patients who died were not censored from the result and which has greater statistical validity than a KM analysis in the presence of competing risks [7] . These data support the claim that knee arthroplasty is a durable operation, especially in the elderly, because most patients died with their original implant. However, no firm statistical comparisons could be made across the two cohorts, and attrition from patient death was high in both cohorts. Implant revision was clearly lower in the older cohort of patients older than 65 years of age with the PFC knee as compared with patients \ 65 years (15% versus 3%, p = 0.0188). Thus, as the average age of a patient undergoing knee arthroplasty continues to decrease [5] , the results from these mostly elderly cohorts may not be relevant to modern patient populations.
In regard to the influence of patient age on attrition rates in long-term followup studies, the vast majority of each cohort was dead at final followup with only 25% and 26% of knees surviving to 20 years (modular tray and rotating platform, respectively). However, survivorship was much higher in the younger patients. Twenty-year patient survivorship for patients [ 65 years of age was 16% (95% CI, 10%-22%) and for patients \ 65 years of age was 53% (95% CI, 40%-65%) (p \ 0.0001). This finding raises two important points. First, it emphasizes the importance of accounting for patient death in long-term followup studies. Most prior authors, including our group, have used KM analyses to report implant survivorship. However, the high rate of patient death we identified here clearly violates a key assumption of the KM analysis, ie, the assumption that the event of interest occurs independently from other confounding events. A patient death would preclude them from having revision surgery. Thus, a KM analysis is the wrong tool for the job. Recognizing this limitation, we chose to use a CI analysis for the comparison of implant revision rates across ages and implant designs. In a CI analysis, the patients who died are not censored, thus more directly answering the question, ''What is the risk of the event?'' [11] . Second, patient survival more than doubled for those \ 65 years of age (p \ 0.0001) compared with those [ 65 years of age. Our results indicated that the enrollment of elderly patients in these prior studies is not sufficient for an accurate long-term assessment of implant durability both from the standpoint of determining 20-year durability of the implant as well as determining the ability of the implant to provide reasonable functional activity over the entire interval of followup. Thus, future long-term followup studies would likely benefit from enrolling younger patients, because this group is clearly much more likely to survive to final followup.
In summary, our results support the claim that knee arthroplasty is a durable operation in older patients. However, patient survivorship by the end of study period was very low, which raises two important points. First, because patient death is a competing risk against revision, the widespread use of a KM analysis, both by ourselves and others, is inappropriate as a tool for reporting revision rates. We recommend that investigators use patient survivorship curves that consider carefully all competing risks when planning and reporting on long-term implant results. Second, both the incidence of revisions as well as the survivorship of the patients was much different in the younger cohort of patients \ 65 years of age. In view of the low likelihood that older patients will require revision surgery at any time in their remaining years, we suggest that clinicians focus their efforts at ensuring regular followup among their younger patients. For future investigators interested in long-term followup studies, the patient survivorship curves we provided may be useful for determining the necessary composition of patients in terms of patient age and numbers of patients needed to have adequate numbers for statistically valid comparisons. This may require multicenter studies of young patients to enroll the robust numbers needed to perform the most clinically relevant long-term followup studies.
